The neural bHLH genes Mash1 and Ngn2 are expressed in complementary populations of neural progenitors in the central and peripheral nervous systems. Here, we have systematically compared the activities of the two genes during neural development by generating replacement mutations in mice in which the coding sequences of Mash1 and Ngn2 were swapped. Using this approach, we demonstrate that Mash1 has the capacity to respecify the identity of neuronal populations normally derived from Ngn2-expressing progenitors in the dorsal telencephalon and ventral spinal cord. In contrast, misexpression of Ngn2 in Mash1-expressing progenitors does not result in any overt change in neuronal phenotype. Taken together, these results demonstrate that Mash1 and Ngn2 have divergent functions in specification of neuronal subtype identity, with Mash1 having the characteristics of an instructive determinant whereas Ngn2 functions as a permissive factor that must act in combination with other factors to specify neuronal phenotypes. Moreover, the ectopic expression of Ngn2 can rescue the neurogenesis defects of Mash1 null mutants in the ventral telencephalon and sympathetic ganglia but not in the ventral spinal cord and the locus coeruleus, indicating that Mash1 contribution to the specification of neuronal fates varies greatly in different lineages, presumably depending on the presence of other determinants of neuronal identity. The mechanisms underlying the generation by multipotent stem cells of the vast array of neuronal and glial subtypes that constitute the nervous system remain poorly characterized. Recently, evidence have been obtained that genes of the bHLH class are important regulators of several steps in neural lineage development (Brunet and Ghysen 1999; Cepko 1999; Guillemot 1999; Morrison 2001) . In particular, a subset of neural bHLH genes, the proneural genes, has been shown to play a central role in the selection of neural progenitor cells. Two families of proneural genes have been identified in Drosophila, the achaete-scute genes (ac-sc) which control the generation of progenitors for the central nervous system (CNS) and external sense organs in the peripheral nervous system (PNS), and genes of the atonal family (ato) which control the generation of progenitors for photoreceptors, chordotonal organs, and olfactory receptors (Modolell 1997; Campos-Ortega 1998) . In vertebrates, a large number of bHLH genes are expressed in the developing nervous system, but only a fraction of them appear to have a proneural function. Loss-of-function (LOF) analyses in mouse have demonstrated that the ac-sc homolog Mash1 and the ato-related genes Neurogenin (Ngn) 1 and Ngn2 are required for the generation by neural stem cells of various populations of progenitor cell populations in the PNS and CNS, including progenitors in the ventral telencephalon and olfactory epithelium for Mash1, and in the cranial and dorsal root ganglia, the dorsal telencephalon and the ventral spinal cord for Ngn1 and Ngn2 (Cau et al. 1997; Fode et al. 1998 Fode et al. , 2000 Ma et al. 1998; Casarosa et al. 1999; Horton et al. 1999; Scardigli et al. 2001) . In contrast, several other bHLH genes that are also expressed by neural progenitor cells, including the ato orthologs Math1 and Math5 and NeuroD, do not appear to be involved in this initial step of neurogenesis (Bermingham et al. 1999; Wang et al. 2001) .
The mechanisms underlying the generation by multipotent stem cells of the vast array of neuronal and glial subtypes that constitute the nervous system remain poorly characterized. Recently, evidence have been obtained that genes of the bHLH class are important regulators of several steps in neural lineage development (Brunet and Ghysen 1999; Cepko 1999; Guillemot 1999; Morrison 2001) . In particular, a subset of neural bHLH genes, the proneural genes, has been shown to play a central role in the selection of neural progenitor cells. Two families of proneural genes have been identified in Drosophila, the achaete-scute genes (ac-sc) which control the generation of progenitors for the central nervous system (CNS) and external sense organs in the peripheral nervous system (PNS), and genes of the atonal family (ato) which control the generation of progenitors for photoreceptors, chordotonal organs, and olfactory receptors (Modolell 1997; Campos-Ortega 1998) . In vertebrates, a large number of bHLH genes are expressed in the developing nervous system, but only a fraction of them appear to have a proneural function. Loss-of-function (LOF) analyses in mouse have demonstrated that the ac-sc homolog Mash1 and the ato-related genes Neurogenin (Ngn) 1 and Ngn2 are required for the generation by neural stem cells of various populations of progenitor cell populations in the PNS and CNS, including progenitors in the ventral telencephalon and olfactory epithelium for Mash1, and in the cranial and dorsal root ganglia, the dorsal telencephalon and the ventral spinal cord for Ngn1 and Ngn2 (Cau et al. 1997; Fode et al. 1998 Fode et al. , 2000 Ma et al. 1998; Casarosa et al. 1999; Horton et al. 1999; Scardigli et al. 2001) . In contrast, several other bHLH genes that are also expressed by neural progenitor cells, including the ato orthologs Math1 and Math5 and NeuroD, do not appear to be involved in this initial step of neurogenesis (Bermingham et al. 1999; Wang et al. 2001) .
Although functional studies in Drosophila and vertebrates initially focused on demonstrating a proneural function for bHLH proteins, the restricted expression of proneural genes in distinct populations of neural progenitors that give rise to different subtypes of neurons raised the possibility that they may also influence neuronal fate decisions. Consistent with this idea, gain-offunction (GOF) experiments in Drosophila have shown that the ectopic expression of atonal and achaete-scute results in the generation of different types of sense organs (Jarman et al. 1993; Chien et al. 1996; Jarman and Ahmed 1998) . In addition, rescue experiments in the embryonic CNS have demonstrated that the achaete-scute genes differ in their ability to specify neural precursor identities (Parras et al. 1996; Skeath and Doe 1996) , and similarly, atonal and a closely related gene, amos promote the development of different types of olfactory sense organs (Goulding et al. 2000 ; M.L. .
In vertebrates, there is evidence that some bHLH genes have conserved a neuronal subtype specification activity similar to that of their Drosophila counterparts (for review, see Brunet and Ghysen 1999; Cepko 1999; Guillemot 1999; Hassan and Bellen 2000) . In the best studied case, Mash1 has been shown by both GOF and LOF analyses to regulate the expression of the homeodomain gene Phox2a, which together with its relative Phox2b is an essential determinant of the noradrenergic neurotransmitter phenotype (Hirsch et al. 1998; Lo et al. 1998) . These results have led to the proposition that Mash1 coordinates generic and neuronal subtype specific programs of neurogenesis (Hirsch et al. 1998; Lo et al. 1998 ). However, both Mash1 and Phox2b are required for Phox2a expression in neural crest-derived autonomic precursors (Hirsch et al. 1998; Lo et al. 1998; Pattyn et al. 1999) , and their respective contribution to the activation of an autonomic program of differentiation during normal development has not been addressed directly. In particular, the role of Mash1 in noradrenergic differentiation remains unclear as the loss of Phox2a expression in Mash1 LOF mutants may reflect a requirement for the proneural function of Mash1 to progress past the stage of Phox2a expression, as well as a more direct role in regulating Phox2a expression. Additional evidence for a role of Mash1 in the specification of neuronal subtype identity is its capacity to induce the expression of GABAergic differentiation markers in dorsal telencephalic neurons (Fode et al. 2000) . However, as this result is based on GOF analysis, it remains unknown whether it reflects a genuine function of Mash1 during telencephalic development.
A role in the specification of neuronal phenotypes has also been attributed to several of the vertebrate ato-related genes. Ectopic expression of the Ngn genes in migratory neural crest and mesodermal cells has been shown to induce the expression of several sensory neuron markers as well as generic markers of neuronal differentiation, thus implicating Ngn genes in the specification of sensory phenotypes in the PNS (Perez et al. 1999) . A role for Ngns in the specification of neuronal identity in the CNS has not been addressed directly, however, particularly in a situation where Ngn activity could be compared directly with that of Mash1, in a manner similar to the parallel GOF analysis of ac-sc and ato genes performed in Drosophila (Chien et al. 1996; Parras et al. 1996; Bray 2000) . In contrast, ato-related genes other than Ngns have been shown to have important functions in the specification of particular neuronal subtypes, including Math1 for sensory inner ear cells and Math5 for retinal ganglion cells (Kanekar et al. 1997; Bermingham et al. 1999; Hassan and Bellen 2000; Matter-Sadzinski et al. 2001) .
Here, we have directly addressed the roles of Mash1 and Ngn2, two bHLH genes with well characterized proneural functions, in the specification of neuronal subtype identity. To avoid some of the limitations inherent to traditional LOF and GOF approaches, we have used a knock-in (KI) strategy, whereby the coding sequence of one of the two genes was introduced into the locus of the second gene that was simultanously deleted. In the resulting two strains of mice, Mash1 precisely replaces Ngn2 (Ngn2 KIMash1 mice) and Ngn2 replaces Mash1 (Mash1 KINgn2 mice) in the expression domain specific to the replaced gene. Given that these KI mutations result in the ectopic expression of a proneural gene in a distinct lineage but in a normal context, the resulting phenotypes should be relevant to the normal functions of these two genes. Moreover, the KI mutations allow for a direct comparative analysis of the activities of Mash1 and Ngn2 proneural proteins in the same cells. Finally, in this system we retain a proneural activity in neural progenitors, allowing neuronal subtype specification defects to be distinguished from proneural defects. Using these KI mutant mice, we have asked the following questions: Do both Mash1 and Ngn2 have an intrinsic capacity to specify neuronal subtype identity, and to what extent is their specification function influenced by the cellular context? In other words, can these proneural genes impose a new subtype specification program on progenitors, or are their activities constrained by other determinants with which they cooperate? Finally, how essential is the contribution of proneural genes to the specification of neuronal subtype identity in the different lineages where such a function has been demonstrated?
From this comparative analysis of Mash1 and Ngn2 functions, we conclude first that Mash1 can respecify a variety of distinct neuronal lineages when ectopically expressed in Ngn2+ precursors, whereas Ngn2 cannot respecify Mash1+ progenitors, indicating that Mash1 has an instructive role in specifying the identity of various neuronal subtypes whereas the role of Ngn2 in this process is permissive. Second, the ectopic expression of Ngn2 can only rescue some of the neuronal populations that normally depend on Mash1 activity, likely reflecting the existence of parallel specification pathways in a subset of Mash1-expressing lineages.
Results

Replacement of Mash1 by Ngn2 in mice
To systematically compare the activities of Ngn2 and Mash1 in contexts where proneural genes are normally active, we generated two KI mutations. An initial characterization of chimeric mice carrying a mutation in which the Mash1 coding sequence replaces the Ngn2 se-
quence (Ngn2
KIMash1
) has been reported previously (Fode et al. 2000) . The reciprocal mutation, whereby the coding sequence of Mash1 was replaced by the sequence of Ngn2 (Mash1
KINgn2
; Fig. 1A) , was generated by homologous recombination in embryonic stem cells. The mutation was transmitted to the germ line and animals heterozygous for the Mash1 KINgn2 allele were viable and fertile, whereas homozygous Mash1
KINgn2 animals died at birth in a manner similar to Mash1 null mutant (Mash1 ⌬ ) animals, indicating that Ngn2 does not have the capacity to completely rescue Mash1 function.
We confirmed that Ngn2 is correctly expressed in the Mash1 expression domain of Mash1 KINgn2 mice using two RNA probes recognizing respectively the coding sequence of Ngn2 and the 3Ј untranslated region (UTR) of Mash1, both of which hybridize to the transcript encoded by the Mash1 KINgn2 allele (Fig. 1B) . In the telencephalon of wild-type mice at E12.5, Ngn2 is expressed exclusively in the dorsal telencephalic ventricular zone (VZ) whereas Mash1 is expressed at high levels in the ventral VZ and at low levels dorsally (Fig. 1B) . In embryos homozygous for the Mash1
KINgn2 allele (referred to below as Mash1 KINgn2 embryos), chimeric transcripts coding for the Ngn2 protein were found in the VZ and subventricular zone (SVZ) of the lateral and medial ganglionic eminences at levels comparable to those of wildtype Ngn2 transcripts in the mediodorsal telencephalon and of wild-type Mash1 transcripts in the ventral telencephalon (Fig. 1B) . Ectopic expression of Ngn2 was also observed in other parts of the Mash1 expression domain, including the olfactory epithelium and the autonomic nervous system (data not shown).
Ectopic Ngn2 compensates for the loss of Mash1 proneural function in ventral telencephalon
Mash1 and Ngn2 have been shown to act as proneural genes in different regions of the nervous system (Fode et al. 1998 (Fode et al. , 2000 Ma et al. 1998 Ma et al. , 1999 Casarosa et al. 1999) . The proneural function of Mash1, i.e., its role in the selection of neural progenitors and the activation of Notch signaling, has been best characterized in the olfactory epithelium (Guillemot et al. 1993; Cau et al. 1997 ) and ventral telencephalon Horton et al. 1999 Fig. 2AЈ-FЈ) . Moreover, MGE progenitors differentiated normally, as shown by normal expression of the homeodomain-containing gene Prox1 in SVZ progenitors and of the panneuronal marker SCG10 in postmitotic neurons in the mantle zone, whereas both markers are reduced in the ventral telencephalon of Mash1 ⌬ embryos, particularly in the pallidal region (Fig. 2AЈ , AЉ,BЈ,BЉ).
We then examined whether ectopic Ngn2 in ventral telencephalic progenitors activates Notch signaling, a pathway that is defective in Mash1 ⌬ embryos Fig. 2) . Expression of the Notch ligand, Dll1 and of the transcriptional effector of Notch signaling, Hes5 (Ohtsuka et al. 1999) Together, these data demonstrate that Ngn2 misexpression in ventral telencephalic progenitors can fully compensate for the loss of Mash1 in all aspects of Mash1 proneural function in the ventral telencephalon, that is, the activation of Notch signaling in VZ progenitors, the selection of SVZ progenitors, and the differentiation of postmitotic neurons. In a similar manner, the ectopic expression of Ngn2 resulted in normal development of the olfactory epithelium in Mash1
KINgn2 embryos (data not shown).
Replacement of Mash1 by Ngn2 does not change the identity of ventral telencephalic neurons
We next addressed the possibility that Mash1 and Ngn2 activate distinct differentiation programs in telencephalic progenitors, as suggested by the observation that the two genes are expressed in complementary ventral and dorsal telencephalic domains that give rise to neuronal populations with different phenotypic characteristics, including different neurotransmitter phenotypes, i.e., GABAergic and glutamatergic, respectively (Wilson and Rubenstein 2000) . We have shown previously that when Mash1 is expressed from the Ngn2 KIMash1 allele, it induces in a subset of dorsal telencephalic neurons the expression of the markers of GABAergic neurons, GAD67 and Dlx1, suggesting that Mash1 specifies aspects of the neurotransmitter phenotype of telencephalic neurons (Fode et al. 2000) . We asked whether reciprocally, the replacement of Mash1 by Ngn2, which rescues the differentiation of ventral telencephalic neurons in the pallidum (Fig. 2BЉ) , results in the misspecification of these neurons.
We examined the phenotype of neurons differentiating from Ngn2-expressing MGE progenitors in Mash1 KINgn2 using ventral-specific markers. Surprisingly, these neurons appeared correctly specified, as shown by the normal expression of GAD67 and Dlx1 at E12.5 ( Fig. 2EЉ ; data not shown). Moreover, examination of the cortex of Mash1 KINgn2 embryos at E15.5 revealed normal expression patterns of GAD67, Dlx1, and Lhx6 ( Fig. 3AЉ ,BЉ; data not shown), indicating that interneurons migrating tangentially from the ventral telencephalon into the cortex, a neuronal population that is dramatically reduced in Mash1 ⌬ mutant embryos Anderson et al. 2001; Fig. 3AЈ,BЈ) , are produced by Ngn2-expressing ventral telencephalic progenitors.
Finally, to ask whether Ngn2 can impart dorsal telencephalic characteristics when misexpressed in ventral progenitors, we examined the expression of the dorsal telencephalic markers NeuroD, Tbr1, and Math2 in Mash1
KINgn2 embryos. Expression of Tbr1 and Math2 is dependent on Ngn2 function in the dorsal telencephalon (Fode et al. 2000) , and NeuroD is a direct target of Ngn genes in all Ngn-dependent lineages (Ma et al. , 1998 Fode et al. 1998 ; H.P. . Surpris- ⌬ embryos (AЈ-FЈ), and MGE formation is rescued by Ngn2 expression from the Mash1 locus (AЉ-FЉ). Differentiation of MGE progenitors is also restored, as shown by expression of Prox1 in subventricular zone (SVZ) progenitors (AЉ) and of SCG10 in mantle zone neurons (BЉ). Ngn2 expression in ventral telencephalic progenitors also restores Notch signaling, as shown by expression of the Notch effector Hes5 in ventricular zone (VZ) progenitors (CЉ) and by the "salt and pepper" pattern of expression of Mash1, as detected by a Mash1 3ЈUTR probe (DЉ), whereas Mash1 is transcribed more uniformly by VZ cells in Mash1 ⌬ embryos (DЈ). Oulined areas in D-DЉ are magnified in the insets. Neurons differentiating from Ngn2-expressing progenitors in the ventral telencephalon acquire a normal phenotype, as shown by their expression of ventral markers such as GAD67 (EЉ) and by the lack of misexpression of dorsalspecific genes such as NeuroD (FЉ).
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KINgn2 embryos at E10.5 and E12.5 ( Fig. 2FЉ ; data not shown). Thus, in striking contrast to the previous demonstration that Mash1 can confer ventral characteristics to dorsal telencephalic neurons (Fode et al. 2000) , Ngn2 does not have the capacity to respecify ventral telencephalic neurons, and cannot even activate in the ventral telencephalon its direct target NeuroD, which is normally induced in all Ngn-dependent lineages.
Replacement of Ngn2 by Mash1 respecifies a subset of spinal motor neurons
The differences between the KI phenotypes of Mash1 and Ngn2 in the telencephalon may be caused by intrinsic differences in the activities of these two genes, or could reflect different strategies employed to specify ventral and dorsal identities in this region, with proneural genes contributing dorsally but not ventrally. To further address the possibility that Mash1 and Ngn2 have divergent properties in neuronal subtype specification, we examined the phenotypes of Mash1
KINgn2 and Ngn2
KIMash1
embryos in the ventral spinal cord, another region of the CNS where Mash1 and Ngn2 are expressed in distinct progenitor domains. Ngn2 is broadly expressed in the VZ of the ventral spinal cord (Sommer et al. 1996; Scardigli et al. 2001) . Loss of Ngn2 function leads to reduced expression of a number of homeodomain proteins throughout the ventral spinal cord, including in motor neurons and V1, V2, and V3 interneurons (Scardigli et al. 2001 ; Fig. 4C ). In contrast, Mash1 expression in the ventral spinal cord is restricted at E10.5 to a narrow region of the VZ, coinciding with the domain that will produce V2 interneurons, characterized by expression of the homeodomain protein Chx10 (Mizuguchi et al. 2001) . In Mash1 ⌬ embryos, expression of Chx10 was severely reduced, indicating that Mash1 is required for the specification and/or differentiation of V2 interneurons (Fig. 4B) . In contrast, markers for motor neurons and V1 interneurons showed no overt defects (data not shown).
To determine whether the defects found in the spinal cord of Ngn2 ⌬ and Mash1 ⌬ mutants reflect a generic proneural or differentiation function of Ngn2 and Mash1 in motor neurons and V2 interneurons, or conversely, specific functions of the two genes, we examined whether these defects were rescued in Mash1 KINgn2 and
Ngn2
KIMash1 mice. Labeling of the ventral spinal cord of E10.5 Ngn2
KIMash1 embryos with Chx10 and the motor neuron marker Isl1 showed that expression of these proteins was largely normal (Fig. 4D) , indicating that Mash1 can replace Ngn2 for the control of the expression of neuron-specific homeodomain proteins. However, a small number of cells expressing Chx10 was intermingled with Isl1+ motor neurons (Fig. 4D) , suggestive of a defect in motor neuron specification in these embryos. Ectopic Chx10+ cells, which were also observed in mice heterozygous for the Ngn2
KIMash1 allele (Fig. 4E ) did not express Isl1, indicating that these neurons have not acquired a mixed phenotype. Irx3 expression, which marks the V2 interneuron progenitor domain and not the motor neuron progenitor domain (Briscoe et al. 2000) was in contrast unaffected in Ngn2 KIMash1 embryos (data not shown), thus excluding the possibility that the presence of Chx10+ cells ventral to their normal location is caused by abnormal mixing of progenitor populations for motor neurons and V2 interneurons. These results thus indicate that a subset of neurons in the spinal cord of Ngn2 KIMash1 embryos have been converted from a Isl1+ motor neuron phenotype to a Chx10+ V2 interneuron phenotype, demonstrating that in the ventral spinal cord as in the dorsal telencephalon, ectopic expression of Mash1 is capable of respecifying a subset of Ngn2-dependent neurons.
We asked whether, reciprocally, replacement of Mash1 by Ngn2 could rescue or respecify V2 interneurons. Examination of the spinal cord of E10.5 Mash1
KINgn2 embryos revealed that the number of Chx10+ cells was reduced to a similar extent in these embryos and in Mash1 ⌬ embryos (Fig. 4B) . Moreover, there was no evidence for the ectopic differentiation of Isl1+ motor neurons or En1+ V1 interneurons in the V2 domain ( Fig. 4F ; data not shown). Therefore, ectopic expression of Ngn2 is not able to rescue the Mash1 ⌬ V2 interneuron defect or to respecify these cells into motor neurons or V1 interneurons. This data thus points to a significant difference in the properties of Mash1 and Ngn2, with Mash1 and not Ngn2 being capable of altering neuronal fates when ectopically expressed.
Ngn2 can replace Mash1 to support sympathetic neuron development
To further compare the role of Mash1 and Ngn2 in the specification of neuronal fates, we analyzed the development of noradrenergic neurons in Mash1 KINgn2 mice. Mash1 has an essential role in the specification of the noradrenergic neurotransmitter phenotype through regulation of the homeodomain genes Phox2a and Phox2b, in both peripheral neurons of sympathetic ganglia and central neurons of the locus coeruleus (Hirsch et al. 1998; Lo et al. 1998 ). The panneuronal marker SCG10 and the noradrenergic markers Phox2a, DBH, and TH were expressed at normal levels in sympathetic precursors of
Mash1
KINgn2 embryos at E10.5 ( Fig. 5BЉ-EЉ ; data not shown), whereas their expression was undetectable in Mash1 ⌬ embryos (Fig. 6BЈ-EЈ) . Furthermore, and in contrast with previous experiments showing that ectopic expression of an Ngn gene can induce the expression of sensory-specific markers in nonsensory neural crest derivatives (Perez et al. 1999) , no ectopic expression of the sensory markers NSCL2 and Brn3 was observed in sympathetic ganglia in Mash1
KINgn2 embryos (Fig. 5FЉ data not shown). Thus, ectopic expression of Ngn2 in Mash1 mutant precursors supports sympathetic neuron differentiation, including the acquisition of a noradrenergic phenotype, and does not ectopically activate sensory neuronal traits.
Strikingly, despite the initial rescue of sympathetic neuron development, expression of Phox2a, DBH, and SCG10 was severely reduced in the sympathetic chain of Mash1 KINgn2 embryos at E13.5, to an extent similar to that seen in Mash1 ⌬ embryos (Fig. 5GЈ ,HЈ,GЉ,HЉ). Thus, Ngn2 expression is not sufficient to maintain a normal differentiation program in Mash1 mutant sympathetic neurons. The appearance of a sympathetic mutant phenotype in Mash1
KINgn2 embryos between E10.5 and E13.5 could be attributable to a defect in proliferation or to a degeneration of Ngn2-expressing sympathetic precursors. TUNEL analysis revealed no increase in cell death in sympathetic ganglia of E11.5 and E12.5
KINgn2 mutants ( Fig. 5J,JЈ ; data not shown). In contrast, a marked reduction in the number of sympathetic precursors staining with the mitotic cell-specific antibody Ki67 was observed in Mash1
KINgn2 embryos at E11.5 (Fig. 5I,IЈ) , and 46% fewer Phox2b+ precursors incorporated BrdU in Mash1
KINgn2 mutant embryos in comparison to wild-type controls (n>3000; data not shown). These results implicate a cell proliferation defect as a major cause for the incomplete generation of the sympathetic chain in Mash1
KINgn2 embryos, and suggest that Ngn2 has a greater capacity than Mash1 to arrest proliferation of sympathetic precursors.
Ngn2 does not rescue locus coeruleus development in Mash1
KINgn2 mutant embryos
The initial rescue of noradrenergic differentiation in Mash1 KINgn2 embryos could reflect the capacity of Ngn2 to directly activate the noradrenergic regulatory cascade when expressed in sympathetic precursors. Alternatively, noradrenergic differentiation in Mash1
KINgn2 embryos may be driven by the independent Phox2b pathway (Pattyn et al. 1999) , with Ngn2 providing only a generic proneural/neuronal differentiation activity to sympathetic precursors. To further examine the potential of Ngn2 to promote the noradrenergic phenotype, we studied locus coeruleus development in Mash1 KINgn2 embryos. In E10.5 wild-type embryos, locus coeruleus precursors form a characteristically shaped group of cells in the rostral hindbrain that express Mash1, Phox2a, Phox2b, and DBH ( Fig. 6A-C 
; data not shown). Ngn2 is expressed with a similar pattern in Mash1
KINgn2 embryos (Fig. 6AЈ) . In E10.5 Mash1
KINgn2 mutant embryos, expression of Phox2a, Phox2b, and DBH was undetectable in this region ( Fig. 6BЈ,CЈ; data not shown), as reported previously for Mash1 ⌬ embryos (Hirsch et al. 1998 ; data not shown). The locus coeruleus was also absent in Mash1 KINgn2 mice at E13.5 (Fig. 6EЉ,FЉ ) and at P0 (Fig. 6GЈ) . Thus, Ngn2 does not rescue noradrenergic neuron development in the locus coeruleus, suggesting that Ngn2 does not have the potential to activate the noradrenergic differentiation pathway. Therefore, the rescue of sympathetic neuron differentiation in
Mash1
KINgn2 embryos is likely caused by the combined activities of Ngn2, compensating for the loss of the generic neuronal determination/differentiation function of Mash1, and of an independent noradrenergic specification pathway driven by Phox2b, which is active in symathetic precursors and not in the locus coeruleus.
Mash1 does not rescue dorsal root ganglia development in
KIMash1 mutant embryos Ngn1 and Ngn2 have been shown to control the generation of different populations of sensory neurons in dorsal root ganglia (DRGs), resulting in a transient defect in neurogenesis in Ngn2 mutant mice, whereas the loss of both Ngn1 and Ngn2 completely blocks DRG development . A similar delay in onset of neuronal differentiation in DRGs was observed in Ngn2 KIMash1 mice, using a probe for the panneuronal marker SCG10 (Fig. 7D,E) . Moreover, no differentiation of DRG neurons was observed in Ngn1 ⌬ ; Ngn2 KIMash1 double mutant embryos (Fig. 7F) , a phenotype similar to that of Ngn1 ⌬ ; Ngn2 ⌬ double mutants. Thus ectopic expression of Mash1 from the Ngn2 locus does not rescue DRG defects, indicating that Ngn2 has a unique activity in the development of peripheral sensory ganglia that Mash1 cannot carry out.
Discussion
Mash1 and Ngn2, two proneural genes belonging respectively to the achaete-scute and atonal families of bHLH factors are expressed in distinct and complementary progenitor populations throughout the nervous system (Fig.   Figure 5 . Ngn2 rescues the differentiation of noradrenergic neuronal precursors in sympathetic ganglia but does not support their proliferation. Transverse sections at forelimb level of wild-type and mutant embryos at E10.5 (A-F), E13.5 (G-H) and E12.5 (I-J). In Mash1 ⌬ embryos, Phox2b is expressed independently of Mash1 in sympathetic ganglia (BЈ), whereas other genes associated with the noradrenergic phenotype, including Phox2a (CЈ) and DBH (DЈ), are not expressed, and postmitotic SCG10+ neurons (EЈ) are not generated. In Mash1 KINgn2 embryos, Ngn2 supports the noradrenergic differentiation of sympathetic precursors, as shown by expression of Phox2a (CЉ) and DBH (DЉ), and the generation of postmitotic SCG10+ neurons (EЉ). Hybridization on sagittal sections of E13.5 embryos with probes for Phox2a (G-GЉ) and SCG10 (H-HЉ) shows that the sympathetic ganglia of Mash1 KINgn2 embryos (GЉ, HЉ) are reduced compared with wild-type ganglia (G, H), to a level similar to that seen in Mash1 ⌬ embryos (GЈ, HЈ). Antibody staining for the mitotic marker Ki67 reveals a reduced number of dividing cells in sympathetic ganglia of Mash1 KINgn2 embryos at E12.5 (IЈ) as compared with wild-type embryos (I). TUNEL analysis shows that there is no increase in cell death in sympathetic ganglia of Mash1 KINgn2 embryos at E11.5 (JЈ). Arrowheads indicate sympathetic ganglia 8), suggesting that these genes contribute to the specification of neuronal phenotypes in the CNS and PNS. We have used a KI approach in mouse to systematically compare the activities of Ngn2 and Mash1 when expressed in the same cellular contexts and at stages when proneural function is normally provided. We discuss here the divergent roles of Mash1 and Ngn2 in neuronal subtype specification, and the variable contribution of these genes to the specification of neuronal identity in different lineages (Fig. 8 ).
Mash1 is a determinant of neuronal identity
Evidence that Mash1 has a role in the specification of neuronal identity has been obtained in different regions of the nervous system. The strongest evidence comes from GOF experiments showing that Mash1 can induce expression of (1) markers of GABAergic neurons, Dlx1 and GAD67, in the cerebral cortex (Fode et al. 2000) , (2) the noradrenergic determinant Phox2a and an autonomic phenotype in neural crest stem cell and neural tube cultures (Lo et al. 1998 (Lo et al. , 2002 , and (3) the marker of V2 interneuron identity Chx10, when expressed in motor neuron progenitors (this paper). Induction of ectopic markers in several regions of Ngn2
KIMash1 embryos correlates with a down-regulation of markers that define neuronal phenotype in these regions (e.g., Islet1 in motor neurons, Math2 in cortical neurons), suggesting that ectopic expression of Mash1 in Ngn2-expressing progenitors results in substitution of neuronal subtype-specific differentiation programs. Respecification of cortical neurons and spinal motor neurons is also observed to some extent in heterozygous Ngn2 KIMash1 embryos (Fode et al. 2000 ; Fig. 4E ), indicating that this phenotype is indeed caused by the ectopic expression of Mash1 and that the expression of Ngn2 in the same cells does not significantly interfere. Moreover, it is important to notice that only a subset of neurons are respecified in both the dorsal telencephalon and motor neuron domains of homozygous Ngn2
KIMash1 embryos whereas the majority of neurons differentiate normally (Fode et al. 2000 ; Fig. 4D ), clearly indicating that instructive cues for the specification of cortical neurons and motor neurons persist in these mutant embryos in the absence of Ngn2 function.
From the above data, we conclude that Mash1 is an instructive determinant of neuronal subtype identity, in the sense that it can override endogenous differentiation programs when ectopically expressed, thus demonstrating that it conveys neuronal subtype information and acts to some extent independently from the cellular context. A striking feature of the Ngn2
KIMash1 mutant phe- notype is that ectopic expression of Mash1 results in the induction of different neuronal phenotypes in different regions of the nervous system, i.e., GABAergic neurons in the telencephalon and V2 interneurons in the spinal cord. If one includes the induction of Phox2a in neural crest cultures, then Mash1 is able to induce at least three different phenotypes in different progenitor populations. Within each of these regions, however, Mash1 expression and activity are associated with only one neuronal phenotype. This suggests that the specificity of Mash1 is modulated by regionally restricted cofactors, a hypothesis already proposed to account for the context-dependent specificity of Drosophila proneural proteins in sensory organ induction (Chien et al. 1996; Jarman and Ahmed 1998; Goulding et al. 2000) . The identification of modulators of proneural gene activity will be critical to understand how neuronal identities are specified.
A permissive role for Ngn2 in specification of neuronal fates
In contrast with Mash1, Ngn2 does not have an instructive role in the specification of neuronal identity, based on both GOF (this study; Mizugushi et al. 2001 ) and LOF studies (Scardigli et al. 2001) . First, none of the tissues examined in Mash1 KINgn2 mice showed evidence of respecification of neuronal identity (Fig. 8) , indicating that the replacement of Mash1 by Ngn2 is not sufficient to override the subtype-specific differentiation programs activated in Mash1-expressing progenitors. This is in clear contrast with the ectopic expression of subtypespecific markers in the telencephalon and spinal cord in Ngn2
KIMash1 embryos (Fode et al. 2000 ; Fig. 8 ). Second, electroporation of Ngn2 in the neural tube of chick embryos results in premature cell cycle exit and premature neuronal differentiation of neuroepithelial cells, as expected for a gene with proneural activity, but Ngn2-induced ectopic neurons do not express markers of motor neurons or ventral interneurons, consistent with the idea that Ngn2 does not have the capacity to endow progenitor cells with neuronal subtype information in an ectopic context. In contrast, the bHLH gene Olig2 has the capacity in the same assay to induce the expression of a number of motor neuron markers (Mizugushi et al. 2001; Novitch et al. 2001) .
One interpretation of the above data could be that the function of Ngn2 in neurogenesis is strictly that of a proneural gene being involved in the selection of progenitor cells (Fode et al. 1998) and their commitment to a "generic" neuronal fate (Nieto et al. 2001 ), but having no role in the specification of neuronal identity. We do not think that this interpretation is likely for several reasons. First, LOF analysis of Ngns has revealed that although Ngn1 and Ngn2 have redundant proneural functions in the ventral spinal cord (as only Ngn1
⌬ double mutants present a marked reduction in neurogenesis; Scardigli et al. 2001) , Ngn2
⌬ single mutants present a severe reduction in expression of neuronal subtype-specific homeodomain proteins throughout the ventral spinal cord. Thus, Ngn2 function is required in neuronal fate specification programs independantly of its proneural activity (Scardigli et al. 2001) . In the dorsal spinal cord, loss of Ngn1 and Ngn2 functions results in the substitution of a specific population of interneurons (D3A neurons) by another (D1 neurons), but this could be attributable to repression by Ngns of the subtype determinant Math1 rather than to a direct role of Ngns in specification of dorsal interneuron identity (Gowan et al. 2001) .
GOF experiments also support the idea that Ngns contribute to the specification of neuronal identity, in particular for peripheral sensory neurons. Forced expression of Ngn1 in vivo by retroviral infection in the chick results in ectopic expression of several sensory neuron markers in tissues of neural and mesodermal origin (Perez et al. 1999 ). Expression of Ngn1 or Ngn2 in dissociated neural tube cell cultures induces sensory neurons more efficiently than it promotes neuronal differentia- (A, B) . Transverse section of E9.5 embryos sectioned following whole mount in situ hybridization with a Mash1 probe. Mash1 is expressed in sympathetic ganglia (arrowheads) of both wild-type and Ngn1 ⌬ ;
Ngn2
KIMash1 double mutant embryos. Mash1 expression is also observed in migrating neural crest cells entering DRGs in a Ngn2
KIMash1 embryo. (C-F) Mouse embryos at E10.5 are probed with the pan-neuronal marker SCG10. A wild-type embryo shows DRG staining well beyond the 20 th somite (C, arrow).
SCG10 expression in Ngn2
KIMash1 (E) is delayed in comparison to the wild-type embryo, as also observed in Ngn2 ⌬ mutants (D). Arrowhead points to the eighth somite (C-E). Ngn1
Ngn2
KIMash1 embryo (F) shows no SCG10 staining in DRGs, indicating that no sensory neurons are generated by Mash1 expression from the Ngn2 locus.
tion, indicating that Ngns promote the sensory identity in peripheral neurons (Lo et al. 2002) . Importantly, this activity requires specific culture conditions (i.e., low BMP concentrations). In other conditions (i.e., high BMP concentrations), Ngns promote instead an autonomic fate, revealing that the role of Ngns in neuronal subtype specification is strongly influenced by the cellular context, which dictates the quality of the subtype that Ngns promote (Lo et al. 2002) . Another striking illustration of the dependence of Ngn function on the cellular context is the finding that ectopic expression of Ngn2 in the ventral telencephalon of Mash1 KINgn2 mice rescues the generation of Mash1-dependent progenitors but does not induce NeuroD expression, although NeuroD is a direct target of Ngn genes throughout the embryo (H.P. . This result highlights the critical role played by regionally expressed cofactors in determining the specificity of Ngn activity and the identity of the target genes that Ngns activate.
The inability of Ngn2 to override endogenous differentiation programs when ectopically expressed may be due in some situations to its late expression with respect to the period of competence of neural progenitors for subtype specification. In the sympathetic lineage in particular, Mash1 is first expressed in progenitor cells that may already be restricted to an autonomic fate (Lo et al. 2002) , KIMash1 and Mash1 KINgn2 mice. The different regions of the CNS and PNS analyzed in the two KI mouse strains are schematized. Neurogenesis defects observed in null mutant mice are rescued in KI mice (indicated by RN +), except in tissues that are missing due to specification defects (indicated by RN nd). The rescue of specification defects (indicated by RSS +) varies from lineage to lineage in both KI strains, reflecting the variable contribution of proneural genes to the specification of neuronal subtype identity in different lineages. Respecification of neuronal subtypes caused by ectopic proneural gene expression (indicated by RNS +) is observed only in the CNS of Ngn2 KIMash1 mice, indicating that Mash1 but not Ngn2 has an instructive role in the specification of neuronal identity in the CNS.
and this alone could explain that in Mash1
KINgn2 embryos, Ngn2 expression from the Mash1 locus does not lead to a respecification of sympathetic neurons to a sensory fate. However, no systematic difference in temporal pattern of expression has been reported between Mash1 and Ngn2 in CNS progenitors, and it is therefore likely that differences in intrinsic properties rather than in timing of expression account for the different KI phenotypes of Mash1 and Ngn2.
Together, results from LOF and GOF analysis support the idea that Ngns are important components of the transcription machinery underlying the specification of neuronal identity. However, because Ngns do not interfere with neuronal subtype-specific differentiation programs when ectopically expressed (this study), and the outcome of their activity is largely controlled by other factors (this study; Lo et al. 2002) , they do not have the characteristics of instructive determinants of neuronal identity. Instead, they appear to function as permissive factors that are required for the normal progression of subtype specification programs, as indicated by the role of Ngn2 in the expression of homeodomain neuronal determinant in the spinal cord (Scardigli et al. 2001) , but that must act in combination with instructive factors to specify neuronal fates. In the spinal cord, the bHLH protein Olig2, which is expressed in the motor neuron progenitor domain, is a likely candidate as it can induce motor neuron differentiation when ectopically expressed in the chick neural tube (Novitch et al. 2001; Mizugushi et al. 2001) . Similarly, Mash1 is expressed in the V2 interneuron progenitor domain (Mizugushi et al. 2001) , and we show here that it is involved in the specification of V2 interneuron identity. Ngn2 is coexpressed with Olig2 and Mash1 in progenitors for motor neurons and V2 neurons, respectively (Mizugushi et al. 2001) , suggesting that it may function in cooperation with these two factors, and possibly other bHLH proteins in different progenitor populations, to promote the differentiation of the different types of spinal cord neurons.
It has been proposed that the functions of progenitor selection and neuronal subtype specification, which are carried in parallel by the ac-sc and ato genes in Drosophila, have been uncoupled and are controlled by different bHLH genes in vertebrates (Hassan and Bellen 2000) . As discussed above, the results of our study do not support this model and suggest on the contrary that vertebrate bHLH genes with proneural activity (i.e., Mash1 and Ngns) also have important and diverse functions in neuronal subtype specification, which likely involve interactions with many other determinants of neuronal identity.
Variable contribution of Mash1 to the specification of neuronal subtype identities
The rescue of the Mash1 null mutant phenotype by ectopic expression of Ngn2 varies in different regions of the nervous system (Fig. 8) . Although development of the ventral telencephalon, olfactory epithelium and, transiently, sympathetic ganglia is normal in Mash1 KINgn2 mice, there is no rescue of V2 interneurons and locus coeruleus development. The correct differentiation of some Mash1-dependent noradrenergic neurons (e.g., sympathetic neurons) but not others (locus coeruleus) is striking, and can be explained by the difference in the genetic pathways specifying the noradrenergic phenotype in these two tissues Pattyn et al. 2000) . Mash1 and the Phox2 genes are required for the production of noradrenergic neurons in both sympathetic ganglia and the locus coeruleus, but their interactions differ drastically in the two tissues. In the locus coeruleus, Mash1, Phox2a, and Phox2b act sequentially in a linear pathway, so that in absence of Mash1, neither Phox2a nor Phox2b is expressed (Hirsch et al. 1998; Pattyn et al. 2000) . The replacement of Mash1 by Ngn2 in Mash1 KINgn2 mice does not rescue locus coeruleus development, most likely because Ngn2 does not share with Mash1 the property of sufficiency to activate Phox2a expression and the noradrenergic differentiation pathway. This result therefore supports the conclusion that in the absence of instructive cofactors, Ngn2 does not have the capacity to induce the ectopic expression of inappropriate neuronal-subtype specific genes or the appropriate expression of subtype-specific genes normally dependent on Mash1.
In contrast with the complete dependence of Phox2a and Phox2b expression on Mash1 activity in the locus coeruleus, Phox2b expression is activated independently of Mash1 in sympathetic neuron precursors, and noradrenergic differentiation in these cells requires both and independently Mash1 and Phox2b activity (Hirsch et al. 1998; Pattyn et al. 2000) . The rescue of Phox2a expression and noradrenergic differentiation that we observe in sympathetic precursors of Mash1 KINgn2 mice is not caused by Ngn2 activity alone, based on the conclusion drawn from the locus coeruleus phenotype that Ngn2 does has the capacity to induce this phenotype (see above). More likely, Ngn2 provides a proneural/differentiation activity that is missing in Mash1 ⌬ mutants, as well as a context-dependent subtype-determining function. Expression of the instructive cofactor Phox2b is then presumably sufficient, in conjunction with Ngn2, to induce noradrenergic differentiation. Thus, the rescue of the Mash1-null phenotype by ectopic expression of Ngn2 in sympathetic ganglia and not in the locus coeruleus probably reflects the different strategies underlying noradrenergic development in these two tissues .
Similar to the rescue of sympathetic neuron development, the normal development of the ventral telencephalon in Mash1 KINgn2 mice presents a paradox. As already discussed, Mash1 has been implicated in the specification of the GABAergic phenotype of ventral telencephalic neurons, based on its capacity to induce in dorsal neurons the ectopic expression of Dlx genes, which are essential regulators of ventral telencephalic neuron differentiation (Anderson et al. 1997 ) and of the GABAergic neuron marker GAD67 (Fode et al. 1998) . It was therefore unexpected that replacement of Mash1 by Ngn2 rescues the expression of Dlx1 and GAD67 and the normal differentiation of GABAergic neurons in the cortex and ventral telencephalon. As discussed above in the context of sympathetic development, this result clearly points to the existence of a Mash1-independent pathway of induction of Dlx gene expression and GABAergic neuron specification. Whereas this putative pathway cannot alone compensate for the loss of Mash1 function in Mash1 ⌬ mice, it is sufficient to rescue telencephalic development in Mash1
KINgn2 mice in combination with the proneural activity and cofactor-dependent subtype specification function of Ngn2. The respective contributions of Mash1 and other putative determinants to the specification of GABAergic neurons during normal telencephalic development remain to be established.
The role of Mash1 in the development of V2 spinal cord interneurons appears to be more similar to that discussed above for the locus coeruleus. The ectopic expression of Chx10 observed in Ngn2 KIMash1 mice indicates that Mash1 has an instructive role in the specification of V2 interneurons, and the reduction in number of Chx10+ cells in Mash1 ⌬ mice likely reflects a requirement for this specification function, although an additional role for Mash1 in the selection of V2 interneuron progenitors cannot be excluded. In any case, the lack of rescue of this defect in Mash1 KINgn2 mice indicates that Ngn2 alone cannot compensate for the loss of a specification function of Mash1, and in addition that no other instructive determinant of V2 interneuron identity can replace Mash1 function, even when Ngn2 activity is provided.
Our analysis of Mash1
KINgn2 mice therefore points to important differences in the role played by Mash1 in subtype specification programs, with Mash1 being the major subtype determinant in some neuronal populations (locus coeruleus, V2 interneurons) and sharing this role with other factors in other populations (ventral telencephalon, sympathetic neurons).
Variable efficiency in the rescue of Ngn-dependent lineages by Mash1
The capacity of Mash1 to rescue the development of Ngn2-dependent lineages also varies in different regions of the nervous system (Fig. 8) . The normal level of neurogenesis observed in the dorsal telencephalon of Ngn2
KIMash1 demonstrates the capacity of Mash1 to compensate for the loss of Ngn2 proneural function (Fode et al. 2000) . Similarly, Mash1 rescues the defects in homeodomain protein expression observed in the ventral spinal cord of Ngn2 null mutant embryos (Scardigli et al. 2001 ; Fig. 4) , and analysis of embryos homozygous for both the Ngn2 KIMash1 allele and a Ngn1 null mutant allele (Ngn1 ⌬ ; Ngn2 KIMash1 embryos) shows that ectopic expression of Mash1 in Ngn2-expressing progenitors is sufficient to rescue the neurogenesis defect observed in the spinal cord of Ngn1; Ngn2 double mutants (Scardigli et al. 2001 ; data not shown). More surprisingly, ectopic expression of Mash1 does not rescue the development of dorsal root ganglia in Ngn1 ⌬ ; Ngn2 KIMash1 embryos (Fig.  7) . One possibility, supported by GOF studies in dissociated neural tube cell cultures (Lo et al. 2002) , is that Ngns have a function in the specification of the sensory identity of DRG neurons that Mash1 cannot provide, and that in the low BMP environment of DRGs, Mash1 cannot promote an autonomic differentiation of DRG neurons.
An alternative interpretation of the lack of DRG development in Ngn1
KIMash1 mice is suggested by the finding that Mash1 has a greater capacity than Ngn2 to sustain the proliferation of sympathetic neuron precursors ( Fig. 5I,IЈ ; Lo et al. 2002) , and conversely that atonal-related genes such as Ngns and NeuroD are more efficient than Mash1 at promoting neuronal differentiation in ectodermal cells due to a lower sensitivity to Notch-mediated lateral inhibition (Chitnis and Kintner 1996; Ma et al. 1996; Lo et al. 2002) . Because of the different capacities of the two genes to promote the transition from proliferation to differentiation, the substitution of Ngn2 by Mash1 in DRG cells may lead to an excess of cell proliferation and a delay of differentiation that may interfere with cell survival. The idea that Mash1 is more compatible with cell proliferation than are the Ngns is supported by the observation that expression of these genes generally correlates with the proliferative status of progenitor populations. Mash1 tends to be expressed in PNS and CNS progenitors undergoing extensive proliferation (e.g., sympathetic precursors, ganglionic eminence in the ventral telencephalon, SVZ progenitors in the dorsal telencephalon; C. Schuurmans and F. Guillemot, unpubl.) whereas Ngns tend to be expressed in progenitors that differentiate rapidely (e.g., sensory precursors in dorsal root and cranial ganglia, VZ progenitors in the dorsal telencephalon). Further investigation will be necessary to elucidate the mechanisms underlying the divergent properties of Mash1 and Ngn2 in regulating the transition from proliferation to differentiation and in specifying neuronal subtype identity.
Materials and methods
Construction of Mash1
KINgn2 targeting vector
The Mash1 genomic clone (gb1.4) used to generate the Mash1 KINgn2 targeting vector was described previously (Guillemot et al. 1993) . A 5.5-kb SacI fragment ending with the SacI site located three nucleotides downstream of the start ATG was used as the 5Ј arm of the targeting construct. Ngn2 coding sequences were cloned directly downstream and in-frame with the endogenous start site of Mash1 by introducing an EcoRI cloning site immediately downstream of the SacI site by PCR. The 3Ј arm was a 1.4-kb BamH1 fragment corresponding to the 3Ј-most sequence of the gb1.4 clone. These fragments were cloned into pKSloxPNT, which contains a loxP-flanked PGKneomycin cassette (Hanks et al. 1995) . The targeting vector was linearized by XhoI and electroporated into R1 ES cells as described previously (Guillemot et al. 1993) . Homologous recombination events were identified by Southern blotting using EcoRI to digest the genomic DNA and a 1 kb HpaI fragment as a 5Ј-external probe, as previously described (Guillemot et al. 1993x) . Positive clones were then verified with a 3Ј 300-bp SacI/ NdeI external probe from pM1B7 (kind gift of Jane Johnson, University of Texas). One recombinant ES cell clone was in-
